Modeling of Injection Molding Process and analysis of Parameters with the use of Software Tools by Kestis, Thomas
  
Modeling of Injection Molding 
Process and analysis of Parameters 
with the use of Software Tools 
 
 
Thomas Kestis 
 
 
SCHOOL OF ECONOMICS, BUSINESS ADMINISTRATION & LEGAL STUDIES 
A thesis submitted for the degree of  
Master of Science (MSc) in Strategic Product Design 
 
 
 
 
 
January 2020 
Thessaloniki – Greece 
 
 
 
 
2 
 
Student Name:  Thomas Kestis 
SID:  1106160012 
Supervisor: Prof. Panagiotis Kyratsis 
 
 
 
 
 
 
I hereby declare that the work submitted is mine and that where I have made use of 
another’s work, I have attributed the source(s) according to the Regulations set in the 
Student’s Handbook. 
 
 
 
 
 
 
 
 
 
 
 
 
 
January 2020 
Thessaloniki - Greece 
  
3 
 
ABSTRACT 
This dissertation was written as a part of the MSc in Strategic Product Design at the 
International Hellenic University. 
Nowadays, the simulation of manufacturing processes in with the use of specialized 
software is a common method for determining potential defects and optimizing the 
process parameters. Regarding the plastic industries, the simulation of the injection 
molding process is a crucial step before moving to the production stage. 
In this study, a plastic part is examined through the simulation of the injection molding 
process. The part has a design flaw that results to a manufacturing defect. In 
particular, an instance of the plastic shell of a 2x2 rotational cubic puzzle develops a 
distinctive sink mark. SolidWorks Plastics, a specialized CAD/CAE simulation software 
used for injection molding, is utilized in order to simulate the process with the actual 
operational conditions and verify the defect. The design flaws and/or other factors 
that are responsible for the development of the defect are identified.  
The process parameters of the simulation are examined. The most influential 
parameters for the development of the sink mark are selected for further analysis 
through a number of injection molding simulations. The optimization of the 
parameters and its potential effect on the reduction of the sink mark is discussed. 
The project was conducted following permission of “Verdes Innovations S.A.” 
company, which is the producer of the rotational cubic puzzle toy and “Vianko Group”, 
which is the subcontractor that carries out the injection molding operations of “Verdes 
Innovations S.A.” and provided the plastic samples and the information about the 
actual injection molding process. 
Keywords: Injection Molding; Process Parameters; Defects; Sink Marks; SolidWorks 
Plastics 
 
Thomas Kestis 
01/01/2020 
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1 INTRODUCTION 
Injection molding is a manufacturing process for producing parts by injecting melt 
material into the cavity of a mold. Many products such as mechanical and automotive 
parts, toys, storage containers and other plastic products mostly available today are 
created by injection molding. Injection molding is the most common process of 
producing plastic products.  
In similarity to other manufacturing processes, injection molding routinely produces 
defective parts. They can be caused either by defects in the molds, or by the molding 
process itself. In situations where the molding parameters are not controlled properly, 
a variety of common defects may be caused, such as dimensional variations, sink 
marks, voids, weld/meld lines, poor surface finish, air traps, burn marks etc. Of all 
attribute defects, sink marks are considered to be very difficult to address. 
Injection molding simulation with the use of software tools is a common method for 
determining potential defects and optimizing the process parameters. Hence, a great 
number of plastics industries can simulate the injection molding process before getting 
to the production stage, maximize the efficiency of the production cycle and minimize 
overall manufacturing costs. 
1.1 Objectives of the study 
The purpose of this study is to fulfill the following objectives: 
1. Examine a plastic part with a design flaw and simulate the development of 
resulting defect by replicating the actual process parameters with the use of 
software tools.  
2. Analyze the most influential process parameters and optimize the process through 
a series of simulations in order to minimize the development of the defect. 
3. Examine whether the optimization of process parameters is sufficient to address 
defects that derive from design flaws. 
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2 STAKEHOLDERS 
In this chapter the main stakeholder, “Verdes Innovations S.A.” is presented which is 
also the company that provided the permission and the product for the thesis study. 
The other stakeholder involved and presented is “VIANKO GROUP”, which is the 
subcontractor that carries out the injection molding operations of “Verdes Innovations 
S.A.”. 
2.1 VERDES INNOVATIONS S.A 
Verdes Innovations S.A. was founded in 2008 and is the sole producer of the V-CUBE™ 
products, a superior range of high-quality rotational puzzle cubes manufactured under 
the unified V-CUBE™ technology, invented and patented worldwide by Greek Engineer 
Panagiotis VERDES. V-CUBE™ technology made possible the construction of a high-
quality puzzle cube with an unlimited number of layers, providing safe and smooth 
rotation. 
V-CUBE™ is competing successfully in the international puzzle toy arena, since it has 
outreached a 30 year worldwide monopoly of the best-selling puzzle in history. The 
brand is addressed to hobbyists and fans of mind games, but also to gift collectors and 
marketers for promotional business purposes. Each cube gives an impetus to exercise 
and increase the player’s mental fitness and offers constant amusement & challenge! 
Furthermore, the brand offers unique custom printed “theme” products to some of 
the world’s most famous museums and corporations. 
During 2017, Verdes Innovations S.A. has broadened the product portfolio and 
introduced the patented V-SPHERE™, a sliding spherical puzzle and “The Labors of 
Hercules™”, a unique and challenging series of pattern puzzles. 
The company is located in the Korinthos prefecture of southern Greece and it consists 
of five divisions; R&D, production, sales & marketing, logistics and administrative 
assistance, of which all strive toward excellent quality control and customer service. An 
12 
 
authorized network of V-CUBE™ dealers worldwide ensures customer satisfaction 
providing the high standard of support associated with the V-CUBE™ brand. 
The company’s philosophy is customer oriented. The EU manufacturing quality is of 
the highest ISO standards. Furthermore, product innovation and continual introduction 
of novelties is of prime importance, in order to safeguard consumer’s satisfaction. 
Verdes Innovations S.A. has been voted as #1 Innovating Company in Greece in 2010 
by the Greek Department of Research and Technology, recognized as a National 
Champion for Greece in the European Business Awards 2013 and the Premier Export 
Start-Up Company in the Greek Export Forum 2013. The range of products has also 
received several awards including a Gold award in the Creativity International Awards 
2011 and a Silver award in Pentawards 2011. 
Since 2008, the company sales have grown impressively exporting from EU-Greece to 
more than 30 countries via a well-established and fast-growing network of distributors. 
Moreover, the products have reached 112 countries via the web. V-CUBE™ has already 
become a very popular Global Puzzle Brand and the company’s newest novelties have 
an enormously warm reception. 
The product range of the classic rotational puzzles from Verdes Innovations S.A. is 
presented in Picture 1: 
 
Picture 1: V-Cube’s rotational puzzles product range 
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2.2 VIANKO GROUP 
VIANKO Group was founded in 1988 and has since then been active in the fields of 
mold design and manufacture, as well as in the production of plastic parts. Through 
constant evolution over the years, VIANKO Group owns today a well-equipped 
machine shop and a functional plastics industry that can successfully meet the 
customer needs.  
VIANKO Group has the knowledge, the experience and the tools to design and 
construct molds, and to take over the production of the end product. Recently, 
VIANKO Group has begun to distribute its own product range. 
VIANKO Group has a well-organized production unit of injection molding for plastic 
products. Picture 2 presents a part of this unit: 
 
Picture 2: VIANKO Group’s injection molding unit 
VIANKO Group is able to design and construct high-spec injection molds for plastics, as 
well as die cutting molds. Picture 3 presents a mold that is used in the production of 
parts for the V-Cubes’ products: 
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Picture 3: VIANKO Group’s mold sample 
3 INJECTION MOLDING 
Injection molding is a production process for manufacturing items by injecting molten 
material into a mold. Injection molding is most typically performed with plastic 
materials, most commonly thermoplastic and thermosetting polymers. The pellets of 
the material for the part are fed into a heated barrel, mixed (using a helical shaped 
screw), and injected (forced) into the cavity of a mold, where it cools and hardens to 
the configuration of the cavity [1]. Picture 4 depicts the main components of an 
injection molding machine: 
 
Picture 4: Injection molding machine 
When the design process of a product is completed, usually by an engineer or an 
industrial designer, molds are created by a mold-maker (or toolmaker) from metal, 
typically either steel or aluminum, and precision-machined to depict the features of 
the desired part. Injection molding is widely used for manufacturing a variety of items, 
from small parts to entire body panels of cars.  
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Parts intended for injection molding manufacturing must be designed very carefully in 
order to facilitate the molding process; the material of the mold, the material used for 
the components, the required form and characteristics of the components and the 
properties of the molding machine must all be taken into consideration. The versatility 
of the injection molding process is facilitated by this breadth of design considerations 
and possibilities. 
3.1 History 
John Wesley Hyatt, an American inventor, patented the first injection molding machine 
in 1872, together with his brother Isaiah. The first injection molding machine was 
relatively simple in comparison to machines in use today: it worked like a large 
hypodermic needle, using a plunger to inject material through a heated cylinder into 
the cavity of a mold. The industry progressed slowly over the years, manufacturing 
products such as collar stays, buttons, and hair combs. 
The German chemists Arthur Eichengrün and Theodore Becker invented the first 
soluble forms of cellulose acetate in 1903, which was much less flammable 
than cellulose nitrate [2]. In order to readily facilitate the injection molding process, it 
was made available in powder form. The first injection molding press was developed 
by Arthur Eichengrün in 1919. In 1939, Arthur Eichengrün patented the injection 
molding of plasticized cellulose acetate. 
World War II created a huge demand for mass-produced, inexpensive products 
[3]. Therefore, the industry expanded rapidly in the 1940s. James Watson Hendry, an 
American inventor, built the first screw injection machine right after the end of the 
war, in 1946. This machine allowed much more precise control over the speed of 
injection and the quality of manufactured parts [4]. Picture 5 depicts the patent 
drawings for the Hendry injection molding machine: 
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Picture 5: Patent drawings for the Hendry injection molding machine 
This machine additionally allowed material to be mixed before the process, so that 
recycled or color plastic could be added to clean material and mixed thoroughly before 
being injected. Hendry, in the 1970s, evolved the process and finally developed the 
first gas-assisted injection molding machine, which made possible the manufacturing 
of hollow, complex items that cooled quickly. The design flexibility was greatly 
improved, as well as the strength and finish of manufactured part. The production 
time, cost, weight and waste were reduced significantly. By the end of 1970s, plastic 
production overtook steel production, and by 1990, aluminum molds were widely used 
in injection molding [5]. Today, screw injection machines account for the vast majority 
of all injection machines. 
The industry of plastic injection molding has evolved over the years from producing 
buttons and combs to producing a vast array of products for many industries including 
aerospace, medical, automotive, toys, consumer products, packaging, plumbing and 
construction [6].  
3.2 Applications 
The injection molding process is used to manufacture many items such as automotive 
parts and components, wire spools, packaging, toys, bottle caps, pocket combs, some 
musical instruments (or parts of them), small tables and one-piece chairs, storage 
containers, mechanical parts (including gears), and other plastic products mostly 
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available today. Injection molding is the most common modern manufacturing method 
for plastic parts; it is ideal for producing high volumes of the same object [7]. 
 
 
 
 
 
3.3 Process troubleshooting 
Like all industrial processes, injection molding can produce part defects. When 
injection molding, troubleshooting is often performed by inspecting defective parts for 
specific flaws and addressing them with the design of the mold or the characteristics of 
the process itself. Trials are often performed before full production runs in an effort to 
predict defects and determine the appropriate specifications to use in the injection 
process [8].  
When filling a new or untested mold for the first time, where the shot size for that 
mold has not been defined, an engineer or technician may perform a verification run 
before the full production cycle. They start with a small shot weight and the mold fills 
gradually until it is 95 to 99% full. Once this is achieved, a small amount of holding 
pressure will be applied and the holding time will be increased until the gate freeze off 
(solidification time) occurs. The freeze off time of the Gate can be specified by 
increasing the holding time, and then by weighing the part. When the weight of the 
part stays the same, then it is known that the gate has frozen and no more material is 
injected into the part. Gate solidification time is important, as this determines cycle 
time and the quality and consistency of the product, which itself is an important issue 
in the economics of the production process [9]. Holding pressure is increased until the 
parts are free of sinks and part weight has been achieved. 
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3.3.1 Molding defects 
Injection molding is a complex manufacturing process with possible production flaws. 
They can be caused either by defective molds, or more often by the molding process 
parameters. Especially in situations where the process parameters are not properly 
set, a number of defects may occur on the final product. The most important are listed 
below [10]: 
1. Dimensional variation is the fluctuation in the part dimensions from lot to lot or 
shot to shot production while the machine parameters have not changed. Faulty 
processing parameters, unstable material or small molding window usually lead to 
dimensional variations. 
2. Sink marks are local depressions in the surface of a molded part. Voids are vacuum 
spaces in the core. Faulty processing parameters lead to sink marks and voids. 
3. Air traps is air trapped inside a molded part. Improper venting in the mold leads to 
these. 
4. Weld and Meld lines are lines formed on the surface of a molded part. Weld lines 
are formed when separate melt flow fronts flowing in opposite direction meet. 
Meld lines are formed when flow fronts parallel to each other meet. Holes, inserts 
multiple gates, wall thickness variation lead to multiple flow fronts leading to weld 
and meld lines. 
3.3.1.1 Sink Marks 
Sink marks are aesthetic defects that occur on the surface of the plastic part. When the 
molten material cools, it forms local depressions at thicker sections without sufficient 
material compensation. Sink marks do not affect the strength or other characteristics 
of the part. For components forming the front face of a product, sink marks may lead 
to defective end products. 
As the melt’s temperature decreases rapidly from the outer layers of the plastic (those 
that are located close to the cold mold walls) towards the inner levels, inward pulling 
stresses occur due to the part’s immediate shrinkage. Such stresses may cause sink 
marks onto the outer layers of the model and can be defined as “depressions on the 
surface of the molded part”. Therefore, as the material in that section starts to shrink, 
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it requires more polymer material at the core section to compensate for the shrinkage. 
If molten polymer is not provided to this section, it tends to pull the frozen skin layer 
towards the core leading to a sink mark. 
 
 
 
 
 
 
 
In Picture 6 the effect of rib and wall thickness on the formation of sink marks is 
illustrated: 
 
Picture 6: Formation of sink marks [11] 
The diameters of the little spheres are equal to the part’s wall thickness A. Volumes in 
the part’s wall with diameters bigger than A produce sink marks. The depth of the sink 
mark depends on the ratio of the rib’s thickness to the one of the walls as well as on 
the radii of curvature [11]. 
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4 PRODUCT DESCRIPTION AND REVIEW 
In this study, a plastic component from the 2x2 flat rotational cubic puzzle produced by 
Verdes Innovations S.A., or the flat V-CUBE™2, is chosen for a comprehensive design 
review and mold flow analysis. Picture 7 depicts the final, decorated with printed 
colors, full assembly of the product: 
 
Picture 7: 2x2 flat rotational cubic puzzle 
V-CUBE™2 is the smallest member of the V-CUBE™ family. It is available in two 
versions, the classic flat design and the “pillow” shape. Both designs have the same V-
CUBE™ internal mechanism. V-CUBE™2 is a superior quality, multi-colored, two-layer 
cube with smooth rotation and excellent durability. V-CUBE™2 has almost 3.7 million 
possible permutations and weighs 74g. The cube consists of 26 cubies, 8 are the visible 
corners; and a solid cross for supporting their independent rotation on based axes. 
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The outer plastic components can be extracted with the application of some force. 
Then, the assembly interface of the internal mechanism and the internal design of the 
outer plastic component are revealed (Picture 8): 
 
Picture 8: Internal mechanism of the rotational cubic puzzle 
It is evident from the image above that the outer plastic components have a sink mark 
developed close to their corner. The sink mark is even more evident when the light is 
reflected from the surface of the painted cubes (Picture 9):  
 
Picture 9: Sink marks on the surface of the rotational cubic puzzles 
The outer plastic component, or the shell component of the cube, will be analyzed 
further. 
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4.1 Plastic component analysis 
The bounding box of the plastic component is a cube with 25mm side. Picture 10 
depicts the inner configuration of the plastic component: 
 
Picture 10: Inner configuration of the plastic component 
The visual inspection of the component reveals that the outer shell of the component 
is pretty thin, but this does not pose a problem to the injection molding process since 
the overall size of the part is very small. 
The inner configuration is comprised by a set of ribs, a hook and a boss feature at the 
base of the hook. The ribs ensure that the part is aligned with the rest of the assembly. 
The hook ensures that the part stays secured. Of course, the part can be detached 
from the assembly but a young child may not be able to achieve it. The purpose of the 
boss at base of the hook is to keep the proper offset with the assembly interface of the 
main mechanism, in order to ensure that the part rotates smoothly and does not 
collide with the other instances of the outer surface. Nonetheless, it is evident that this 
feature is the culprit for the development of the defect, since the distinctive sink mark 
develops right at the adjacent side of the part. Picture 11 depicts this sink mark:  
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Picture 11: Sink mark on the outer surface of the plastic part 
4.2 CAD model 
The CAD model of the plastic component was provided by the manufacturer in 
Parasolid file format (.x_t file extension). This is the CAD model used for the actual 
mold creation. The file was imported in SolidWorks for the purpose of the study. 
Picture 12 depicts the imported model at the SolidWorks environment with the feature 
tree on the left margin: 
 
Picture 12:  Imported CAD model at SolidWorks 
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If we examine a clipping plane at the level of the boss feature, we can obtain a better 
insight about the cause of the sink mark at the outer surface of the part (Picture 13): 
 
Picture 13: Clipping plane of plastic part 
Indeed, the width of the boss feature is 154% bigger than the wall thickness and the 
depth 66%. Therefore, in accordance to paragraph 3.3.1.1, the geometry of the boss 
feature consists of a design flaw that is highly probable to end up to the formation of 
sink mark. 
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4.3 Injection Molding Process Parameters 
The manufacturing of the part is accomplished by using an ARBURG 305-210-700 
injection molding machine, capable of delivering up to 150 MPa of pressure, as shown 
in Picture 14: 
 
Picture 14: Injection molding machine used in the plastic component manufacturing 
The material selected for the fabrication of the part is CHIMEI Polylac PA-757 
polystyrene (Picture 15). Polylak PA-757 is an Acrylonitrile Butadiene Styrene (ABS) 
product for general use.  
 
Picture 15: ABS Resin used in the fabrication of the plastic component 
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The actual parameters of the injection molding process, as provided by the 
manufacturer, are listed in Table 1: 
Table 1: Actual Injection Molding Process Parameters 
Injection Pressure  up to 150 MPa 
Melt Temperature 230 °C 
Mold Temperature 70 °C 
Material CHIMEI Polylac PA-757 
Total Cycle Time 12,5 sec 
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5 PROCESS SIMULATION 
To perform an injection molding simulation and obtain results that can be compared 
with the actual phenomena, the choice of a proper software solution is critical. In our 
study, the software tool of choice is SolidWorks Plastics. 
Manufacturers of products with injection-molded parts can resolve design and tooling 
challenges by performing accurate mold-filling simulations using SolidWorks Plastics 
software. Rather than rely on time-consuming and costly prototyping and tooling 
iterations to improve manufacturability, injection-molding professionals can utilize this 
solution to cut time and cost from the process while simultaneously improving quality. 
5.1 SolidWorks Plastics 
SolidWorks is a solid modeling computer-aided design (CAD) and computer-aided 
engineering (CAE) computer program. SolidWorks Plastics is the module that performs 
the simulation of the injection molding process. The main purpose of this module is to 
predict manufacturing defects on parts and molds. The injection molding simulation is 
performed with three analysis types:  
1. Flow analysis: Predicts how the material flows into the cavity of the mold.  
2. Pack analysis: Simulates the solidification process of the material into the cavity of 
the mold.  
3. Warp analysis: Predicts the shape and dimensions of the part after ejecting and 
cooling.  
The steps of the simulation consist of mesh generation, choice material, design of 
runners and cooling system, setting the process parameters, choice of injection 
location and type of analysis that will be done. 
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5.2 Mesh Generation 
The first stage of the simulation preparation consists of the part’s meshing. The 
meshing procedure is of critical importance for the accuracy of the simulation. 
Just like in FEA or CFD, in order to perform the simulation, the CAD geometry needs to 
be converted to a network of interconnecting triangular elements that accurately 
represent the actual geometry of the part, that will not participate in the simulation 
anymore.  All the calculations occur thereafter on the nodes of the interconnecting 
triangular elements. 
Two types of elements may be used: 
Solid: Solid mesh is used to analyze thicker parts and view results throughout the part 
thickness. A solid mesh provides better accuracy for models with more complex or 
detailed geometry but requires longer computational time for the solution. 
Shell: Shell mesh is used for thin-walled parts with uniform thickness. A shell mesh is 
composed of triangular shell elements and it requires less computational time than a 
solid mesh without compromising the results accuracy. 
In order not to sacrifice any accuracy in our simulation, we choose SOLID over SHELL 
elements, considering that the thickness and complexity of our part is significant for 
the scale of the analysis and cannot be simplified and represented by 2D elements. 
Also, the overall computational time of our study is not of critical importance. 
A good quality mesh is the recipe for the success of any FEA type analysis. Smaller 
elements should be used for the fine details of the part and features such as fillets and 
holes and a quick transition from small to large elements should be avoided. Bad 
elements and elements with large aspect ratio should also be avoided.    
SolidWorks Plastics provides two options for meshing. The “Auto” option selects the 
default size of the solid element based on the cavity size and thickness. Because we 
want to have full control over the meshing parameters in a step-by-step process, we 
choose the “Manual” option (Picture 16). 
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Picture 16: Manual Solid Mesh 
When we create a solid mesh with the Manual method, we can identify a part as 
cavity, insert, runner, or mold. Our analysis is a cavity analysis. That means that the 
melted plastic material will flow through the volume of all the parts identified as 
cavities during the injection molding process. 
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We assign the proper domain to the part before proceeding with creating the mesh 
(Picture 17). 
 
Picture 17: Cavity domain identification 
In the “Surface Mesh” Property Manager we need to assign the settings for the surface 
mesh creation. The triangle size specifies the default edge length of the surface mesh 
over the active domain. A smaller triangle size creates more elements.  
The Local Refinement refines the mesh by reducing the triangle size at critical regions 
of the model. We can set a finer mesh for more detailed features. Refining the mesh in 
critical regions improves the accuracy of results. 
The Gradation sets the mesh transition between areas with refined mesh and the 
default mesh when we select Automatic for Local Refinement. We may move the slider 
to the left (Smooth) for a smoother mesh size transition with more elements. Moving 
the slider to the right (Sharp) will decrease the number of elements for a more 
"uneven" transition. 
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To create a fast preview of the surface mesh with the initial estimated values, we hit 
the mesh button (Picture 18). 
 
Picture 18: Surface Mesh initial estimated values 
The initial mesh created in not good for the purpose of our study. The triangle size is 
too large and does not accurately represent the fine details of the part and the regions 
with high curvature, such as fillets and round entities (Picture 19).  
 
Picture 19: Initial surface mesh 
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The mesh needs to be further refined. We choose to reduce the triangle size and apply 
local refinement. We will let the software refine the mesh automatically in regions 
with small features or high curvatures. The Mesh Tolerance defines the minimum 
allowable element size for automatic refinement and is given by the value of Triangle 
Size multiplied by the value of Mesh Tolerance. Accepted values are between the 
range of 0.1 and 1.0. We will let the default value of 0.3 (Picture 20). 
 
Picture 20: Surface Mesh refined values 
The refined mesh representation is much improved. The small details of the part and 
the regions with high curvature are very accurately represented and the transition 
from larger elements to smaller ones is very smooth (Picture 21). The Summary 
window lists the parameters that measure the quality of the mesh. The Bad Elements 
shows the percentage of distorted elements with poor aspect ratios over the total 
number of mesh elements. 
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Our value is 0.05%, very close to zero (Picture 21). Therefore, the quality of our surface 
mesh is optimal and it will not require any further adjustment.  
 
Picture 21: Surface Mesh refined values 
The software transforms the data of the existing surface mesh to fill in the volume of 
the part with solid elements. The solid elements can be composed of tetrahedra 
(triangular), hexahedra (brick), or a combination of elements (hybrid mesh with prisms 
and tetrahedra). SolidWorks Plastics recommends hybrid mesh for cavity, insert, or 
runner parts. This type of mesh creates prism (or “wedge”) elements on the surface 
mesh and transitions them into tetrahedral elements in the core of the part. These 
boundary layer elements accurately capture the high gradients in temperature and 
viscosity. 
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We will let the default tetrahedral mesh at this step, as recommended (Picture 22) and 
choose hybrid mesh type with default values at the next step (Picture 23). 
 
Picture 22: Tetrahedral solid mesh selection 
 
Picture 23: Hybrid mesh type selection 
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The final mesh of our part is created. The cutaway view shows the transition between 
the elements of the surface and the core of the part (Picture 24). Now, we need to set 
the rest of the input parameters to proceed with our study. 
 
Picture 24: Hybrid mesh element transition 
5.3 Material 
In our study, the polymer used for the injection molding of the part is POLYLAC PA-757, 
supplied by CHI MEI CORPORATION. POLYLAC PA-757 is an Acrylonitrile Butadiene 
Styrene (ABS) product.  
Characteristics of the polymer include:  
 Flame Rated 
 RoHS Compliant 
 High Gloss 
 Impact Resistant 
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SolidWorks Plastics includes a comprehensive database with numerous plastics sorted 
by company or by polymer family. We choose the polymer from the database (Picture 
25). 
 
Picture 25: Polymer selection 
The polymer material parameters are given below (Picture 26). 
 
Picture 26: Polymer material parameters 
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5.4 Process Parameters 
Process parameters can be modified and displayed through this submenu.  
5.4.1 Fill Settings 
The Fill Settings define the injection molding process parameters such as Filling time, 
Melt temperature, Mold temperature, and Injection pressure limit.  
SolidWorks Plastics estimates the part’s volume and provides the user with a 
recommendation on how long it will take the molten plastic to be injected and 
completely fill the mold. Melt and mold temperature boxes actually contain the resin 
manufacturer recommendations on how the user should operate the injection molding 
machine with this particular material. The user can either accept those default values 
or manually adjust those. For our study, the Filling time is accepted with the default 
calculated value and the other parameters are adjusted according to the values given 
by the manufacturer (Picture 27). 
 
Picture 27: Fill settings 
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5.4.2 Pack Settings 
The goal of packing is to produce a part with uniform weight and dimensional integrity. 
A successful packing improves the part quality. 
During the first stage of packing, pressure is applied to the injection system as the 
molten plastic in the mold cools and shrinks. The pressure forces additional material 
into the mold to compensate for thermal shrinkage. During the last stage of packing, 
the "pure cooling” stage, the injection pressure is removed, and only the temperature 
of the part is calculated as the freezing completes. 
SolidWorks Plastics estimates “Pressure Holding Time” required for the packing stage 
and “Cooling Time” required for the pure cooling stage during the simulation process. 
The user can either accept those default values or manually adjust those. For our 
study, the default calculated values are accepted for the verification analysis of the 
part (Picture 28). 
 
Picture 28: Pack settings 
5.4.3 Boundary Conditions 
In our study, the boundary condition required for the simulation is to define the 
injection location. 
5.4.3.1 Injection Location 
Polymer material at the specified Melt Temperature is introduced into the cavity 
through injection locations.  
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The injection location of our part has been already identified from the visual 
inspection. Therefore, it is introduced at the node with the closest proximity of the 
injection location of the actual part. The pointer diameter is set to 1mm, in order to 
match the actual pointer diameter as given by the manufacturer (Picture 29). 
 
Picture 29: Injection Location selection 
5.5  Run 
After completing the input data for Mesh, Material, Process parameters, and Boundary 
conditions, the simulation of our study is ready to be executed. For the purpose of our 
study, the Flow and Pack simulations are adequate. As mentioned, from results of the 
Flow and Pack analysis there can be good estimation of the optimal process conditions. 
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5.6 Results & Discussion 
The results of the Flow simulation include the Fill Time, Pressure at the End of Fill, 
Temperature at the End of Fill, Shear Rate at the End of Fill, Sink Marks and Air Traps. 
The results of the Pack simulation include the Volumetric Shrinkage at the End of Pack. 
5.6.1 Fill Time  
The plot of fill time (Picture 30) displays the profile of the plastic melt during the filling 
stage. The plot is animated.  
 
 
Picture 30: Fill Time 
The fill time plot displays the profile of the plastic melt as it flows through the mold 
part cavity during the filling stage of the injection molding process. The blue regions 
indicate the start or beginning of the flow front. The red regions indicate either of the 
following: 
 The flow front position at any given time interval during an animation of the 
filling stage 
 The end of fill when the flow has stopped, even if the software detects a short 
shot. 
The filling pattern radiates out from the blue region to the end of fill, red region, 
located at the right side of the part. Since fill time is a function of flow length, the area 
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that is the furthest away from the injection location is the last to fill. The color scale 
located to the left of the part indicates the time it takes for the flow front to reach a 
given region of the cavity. 
The software automatically calculates the recommended fill time and volumetric flow 
rate. The filling time can have a significant effect on most results generated from the 
simulation. For example, a longer fill time may reduce injection pressures, shear rates, 
and shear stresses, while a shorter fill time can increase injection pressures, shear 
rates, and shear stress.  
In our study, the cavity requires 0.91137 sec to fill and no short shot is developed.  
5.6.2 Pressure at the end of fill 
Another indicator of how the cavity has filled is the pressure at the end of fill (Picture 
31). 
 
Picture 31: Pressure at the end of fill 
During the filling stage, the forward injection velocity of the reciprocating screw is 
controlled, which results in the pressure required to fill the cavity at that velocity. The 
injection pressure is propagated through the molten plastic and results in a pressure 
drop distributed along the length of flow. 
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The pressure at the end of fill is a very good indication of how evenly the cavity has 
filled. Even pressure at all end of fill locations will improve the effects of packing 
pressures and cooling throughout the molded part. 
In our study, the part can be successfully filled with an injection pressure of 25.5 MPa 
(3703.80 psi). The low pressure (blue) region is developed in accordance to the end of 
fill (red) region of the Fill time plot (Picture 30). The injection pressure required to fill is 
way less than the maximum injection pressure limit specified for this analysis, which 
means we are well under the specified limit of the injection molding machine. 
5.6.3 Temperature at End of Fill 
At the end of fill, the plastic in contact with the cavity wall freezes into a very thin 
frozen layer that has cooled down to the temperature of the mold (Picture 32). The 
thickness of this frozen layer is independent of the thickness of the part wall. The 
thickness is dependent on the melt and mold temperature differential and the material 
thermal conductivity.   
On the outer surface of the part, the Temperature at End of Fill result displays 
temperature values taken from the center of the solid mesh cell nearest to the surface.  
Since this location is slightly inside the part, temperatures will be higher than the mold 
wall temperature.   
 
Picture 32: Temperature at End of Fill 
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In our study, the Maximum Temperature at End of Fill is 230 °C. Since the Maximum 
Temperature at End of Fill has remained within 10 °C of the starting melt temperature, 
there is little to no risk of plastics material degradation [12]. 
5.6.4 Shear Rate at the End of Fill 
Shear rate (Picture 33) measures the velocity of a fluid layer passing over another layer 
of fluid at a different velocity. 
 
Picture 33: Shear rate at the End of Fill 
The frozen plastic material in contact with the cavity wall does not move relative to the 
wall, which results in a shear rate of zero (0.0 1/sec). The molten plastic material just 
inside of the frozen layer moves over the frozen material, which yields a positive shear 
rate (>0.0 1/sec). The shear rate continues to increase until a maximum is reached just 
inside the wall. Then the shear rate begins to decrease toward the center of flow, 
reaching a local minimum in the center. This minimum occurs because the polymer 
chains at the center of the flow move at the same speed and do not move relative to 
each other, resulting in a zero (0.0 1/sec) shear rate. 
The shear rate should be less than the suggested maximum value for the plastic 
material. In our study, a max shear rate of material is 49000 1/sec, way greater than 
the calculated maximum values in the model (3617 1/sec). If we want to reduce shear 
rates, we can increase the fill time, which decreases the injection velocity. 
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5.6.5 Ease of fill 
To determine whether the cavity fills successfully we can use the ease of fill plot 
(Picture 34).  
 
Picture 34: Ease of fill 
The green regions indicate areas that can be filled under normal injection pressures. 
The yellow regions are areas where the injection pressure is 70 percent of the 
machine’s maximum injection pressure. In the red regions, the injection pressure is 85 
percent of the machine maximum injection pressure. 
If we run a simulation on a part cavity only (with no runners), and the ease of fill plot 
has yellow or red areas, we should try increasing wall thickness, moving the injection 
location, adding additional injection locations, changing the material or adjusting the 
processing parameters to try to decrease the pressure require to fill. 
In our study, the plot shows that the part can fill very easily under normal injection 
pressure.  
5.6.6 Air Traps 
If the air in the mold cavity cannot be vented to the atmosphere during the filling 
stage, the trapped air can prevent the plastic material from filling the volume where 
the air trap is located. This can result in incomplete filling and packing in the air trap 
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location or even a through-hole in the part due to the trapped air. In a worst-case 
scenario, the trapped air can get compressed, combust and cause burn marks on the 
molded part and/or damage the mold core and cavity surfaces. Placing a parting line 
vent, ejector pin, cavity insert, or a porous metal insert at these locations can help 
reduce or prevent air traps from occurring, but it is best to avoid them completely. 
Picture 35 depicts the air trap location of our part, detected during the simulation.  
 
 
Picture 35: Air Traps 
The air traps are located at the top or corners of ribs and bosses of the part that 
coincide with parting lines, so they can be easily vented. The air traps locations are in 
good agreement with the injection molding operation of the actual part. 
5.6.7 Sink Marks 
Sink marks, as explained, are depressions on the surface of an injection molded plastic 
part. The main cause of sink marks is not enough polymer molecules have been packed 
into a cavity to compensate the shrinkage. Thicker sections of a part cool at slower 
than thinner sections. This results in greater shrinkage in the thicker areas. 
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Picture 36 and Picture 37 illustrate the prediction of the sink marks of our study. 
 
Picture 36: Sink Mark on the outer surface 
 
Picture 37: Sink Mark on the thicker boss 
As the color distribution bar indicates, blue color is applied to allocate regions of low 
levels of shrinkage, whereas red color is applied to indicate regions of high levels of 
shrinkage.  
As expected, the contours of higher levels of shrinkage are located onto the thicker 
boss of the part. The maximum predicted sink mark depth is 0,0886 mm. 
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5.6.8 Volumetric Shrinkage at the End of Packing 
The sink mark prediction is better evaluated in conjunction with the results of 
Volumetric Shrinkage at the End of Packing. That is because the holding pressure at the 
packing phase may compensate to some degree for the material shrinkage of the filling 
phase. 
Plastic materials are compressible because their specific volumes are a function of 
temperature and pressure. Higher rates of shrinkage will occur in areas of the plastic 
part that does not undergo a sufficient pack stage.  
Picture 38 illustrates the prediction of the Volumetric Shrinkage at End of Packing of 
our study. The greener areas indicate sink marks, and as expected are in agreement 
with the sink mark plot of the Filling phase. 
 
Picture 38: Volumetric Shrinkage at the End of Packing 
5.7 Simulation Evaluation 
In the first part of our study, we used SolidWorks Plastics to simulate the injection 
molding process of an actual injection-molded plastic part and compare the mold-
filling simulation predictions with the actual results. 
The CAD model of the part was provided by the manufacturer. In SolidWorks Plastics a 
Solid mesh was generated for the purpose of the simulation. The mesh was fine 
enough for the given geometry. The process parameters, material selection and 
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boundary conditions were also provided by the manufacturer and used as input 
parameters in SolidWorks Plastics. 
The injection molding process of the actual part was confirmed, as the simulation 
results are in a very good agreement with the actual process. The cavity of the part is 
easily filled with an injection pressure that is significantly lower than the maximum 
limit specified for the injection molding machine. The Maximum Temperature at End of 
Fill has remained within 10 °C of the starting melt temperature, and predicts little to 
no risk of plastic material degradation. The simulation of our study predicts no other 
defects, such as short shots or air traps, than the distinctive sink mark at the outer 
surface of the part. The location and magnitude of the predicted sink mark is virtually 
identical to the actual part. 
Picture 39 illustrates the comparison between the predicted sink mark and the surface 
defect of the actual part. 
 
 
Picture 39: Comparison between actual part and simulation 
In the second part of our study, we will conduct a number of simulations in order to 
analyze the injection molding parameters in comparison with the identified and 
reproduced in SolidWorks Plastics defect of the part. 
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6 PROCESS PARAMETERS ANALYSIS 
Apart from the tooling factors and mold dimensions, the quality of the part depends 
on the processing parameters used when manufacturing. The parameters listed below 
have a considerable impact on the development of the sink mark: 
1. Polymer material: The shrinkage of plastics defines the volume contraction of 
polymers during the cooling step of the process and needs to be taken into account 
while selecting a material for an application.  
2. Mold Temperature: The mold temperature significantly influences the shrinkage 
effects. Mold temperature affects the cooling rate. The faster the plastic part cools, 
the less time the individual molecules have to order themselves and the less the 
molded part shrinks. 
3. Melt Temperature: Melt temperature affects the viscosity of the material. When 
the Melt temperature is higher, the viscosity of the material lowers, thus, making it 
easier for the melt to flow while filling the mold cavity. 
4. Injection pressure: Injection pressure is that pressure under which the mold fills. If 
the pressure is low, the melt begins to solidify before it has fully filled the mold 
cavity and results in short shots. Also, the gate may freeze too early and that would 
prevent the material compensation from the packing phase, resulting in voids and 
sink marks.  
5. Holding pressure and time: After the mold cavity is filled, holding pressure is 
applied to compensate for polymer material shrinkage caused by cooling.  
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6.1 Design of Experiments 
From research of similar works in this field [13] [14], the following factors are observed 
to affect the development of sink mark the most and are hence selected for further 
study: 
1. Mold Temperature  
2. Melt Temperature  
3. Pressure Holding Time  
The other factors such as part geometry, material, packing pressure and gate location 
are considered as constants. 
For the factors selected for further study, we are going to use three levels of values in 
order to examine their effect: Low, Medium and High.  
The level settings for the Mold temperature, Melt temperature factors are selected 
after discussion with the mold makers of the part manufacturer. They represent the 
recommended range that may be used in the actual injection molding process. For the 
Pressure Holding time, the estimated value from the evaluation simulation of the first 
part is selected as the Medium level for reference. Two other values, a lower and 
higher, are then picked in order to examine the effect of this factor. 
The selected values of the process parameters are shown in Table 2. 
Table 2: Process parameters for analysis and their values  
 Levels 
Process Parameters Low Medium High 
Melt temperature (°C) 210 230 245 
Mold temperature (°C) 60 70 80 
Pressure Holding time (sec) 2,27 2,77 3,27 
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The impact of the parameters will be examined with the conduction of a number of 
simulations. For each parameter, three simulations will be performed: one for every 
level. The other parameters will be kept constant and retain the values given by the 
manufacturer, as attributed in the evaluation simulation at the first part of our study. 
6.2 Injection Molding Simulations 
The results of the injection molding simulations conducted during this study will be 
presented. The effects of the different levels of the process parameters will be 
discussed in relation with the development of the sink mark on the surface or the part. 
6.2.1 Melt Temperature effect 
Melt temperature is the actual temperature of the polymer as it exits the nozzle and 
enters the mold. It affects mainly the viscosity of the polymer. The higher the melt 
temperature, the lower is the viscosity of the melt which makes it easier for the melt 
to flow while filling the mold cavity. The Melt temperature is a filling parameter; 
therefore, it is expected to affect the development of the sink mark at the filling stage 
of the process. 
6.2.1.1 Simulation 1 (Medium Level – 230 °C) 
In the first simulation, the Melt temperature is set to the medium value of 230 °C. This 
is the recommended value for the actual injection molding process of the part as 
provided by the manufacturer. It will be used as a reference for the other two 
simulations, in order to compare the results in regards with the resulting sink mark. 
The medium value is the same that we used in the evaluation simulation at the first 
part of our study. 
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Picture 40 illustrates the development of the sink mark at the filling phase of the 
simulation, at medium melt temperature: 
 
Picture 40: Sink Mark at Medium Melt Temperature (230 °C) 
The value of the predicted sink mark at medium melt temperature is 0,0886 mm. 
6.2.1.2 Simulation 2 (Low Level – 210 °C) 
In the second simulation, the Melt temperature is set to the low value of 210 °C. It 
represents the lower recommended value that may be used in the actual injection 
molding process. 
The value was selected after discussion with the part manufacturer. It is of interest to 
note that according to the polymer material parameters chart (Picture 26), the lower 
melt temperature may be set at 170 °C. Nonetheless, the lower recommended 
temperature for the actual process is considerably higher. The reason may be that 170 
°C is very low, so the melt solidifies quickly and this increases the risk of developing 
unacceptable part defects, such as short shots. 
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Picture 41 illustrates the development of the sink mark at the filling phase of the 
simulation at low melt temperature: 
 
Picture 41: Sink Mark at Low Melt Temperature (210 °C) 
The value of the sink mark at low melt temperature is 0,081712 mm. The value of the 
maximum predicted sink mark at the simulation of the actual injection molding process 
of the part was 0,0886 mm. The selection of the lower recommended value for the 
melt temperature resulted in a reduction of 8% of the predicted sink mark. 
Lower melt temperatures result in higher viscosities, which makes it difficult for the 
melt to flow while filling the mold cavity. Nonetheless, no other defects developed in 
the simulation, especially short shots. 
6.2.1.3 Simulation 3 (High Level – 245 °C) 
In the third simulation, the Melt temperature is set to the high value of 245 °C. It 
represents the higher value that may be used in the actual injection molding process as 
given by the part manufacturer. 
According to the polymer material parameters chart (Picture 26), the higher melt 
temperature may be set at 240 °C. Nonetheless, the higher melt temperature as given 
by the part manufacturer is 5 °C above the recommended maximum by the polymer 
material chart. It is not uncommon that plastic manufacturers rely on experience and, 
depending on the occasion, may experiment and use parameters with values that 
differ or exceed the recommended ranges in order achieve optimal results. 
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Picture 42 illustrates the development of the sink mark at the filling phase of the 
simulation at high melt temperature: 
 
Picture 42: Sink Mark at High Melt Temperature (245 °C) 
The value of the sink mark at high melt temperature is 0,088122 mm. The value of the 
maximum predicted sink mark at the simulation of the actual injection molding process 
of the part was 0,0886 mm. The selection of the higher recommended value for the 
melt temperature resulted practically the same magnitude of sink mark. The slight 
reduction of approximately 0,5% is not of statistical importance. 
As expected, no short shots developed in the simulation. Higher melt temperatures 
result in lower viscosities, which makes it easier for the melt to fill the mold cavity. 
However, if the ease of fill of the part does not pose an issue, higher melt 
temperatures are not recommended because the part needs longer cooling time 
before it is ejected and this results in longer cycle time and, thus, reduced overall 
productivity. 
 
 
 
 
55 
 
6.2.1.4 Summary of results 
Graph 1 presents the summary of results of the Melt Temperature process parameter 
simulation series: 
 
Graph 1: Summary of results for Melt Temperature parameter simulations 
From the results analysis, it is observed that the Melt temperature is an influential 
process parameter on the development of the sink mark. This factor needs to be 
considered as an important input to plastic product manufacturing.  
The reduction of the sink mark at the Low Melt temperature is 8% compared to the 
Medium Melt temperature, that is used as reference. This can be explained by the 
higher viscosity of the melt. The melt needs shorter cooling time to solidify and, thus, 
the resulting sink mark is considerably reduced.   
At the High Melt temperature, the sink mark is practically the same with the reference 
result. Higher melt temperatures are not recommended unless the ease of fill of the 
part is an issue. At higher melt temperatures the part needs longer cooling time before 
it is ejected and this results in longer cycle time and reduced overall productivity. 
6.2.2 Mold Temperature effect 
Mold temperature is the surface temperature of the mold walls. The mold 
temperature determines the rate of cooling of the polymer being molded. Higher mold 
temperature leads to longer cooling times but at the same time post mold shrinkage 
decreases and the molded part is more stable and durable. The Mold temperature is a 
0,0817 
0,0886 
0,0881 
210 230 245
Melt Temperature (°C) 
Sink Mark (mm)
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filling parameter; therefore, as in the case of Melt temperature, it is expected to affect 
the development of the sink mark at the filling stage of the process. 
6.2.2.1 Simulation 1 (Medium Level – 70 °C) 
In the first simulation, the Mold temperature is set to the medium value of 70 °C. This 
is the recommended value for the actual injection molding process of the part as 
provided by the manufacturer. It will be used as a reference for the other two 
simulations, in order to compare the results in regards with the resulting sink mark. 
The medium value is the same that we used in the evaluation simulation at the first 
part of our study. 
Picture 43Picture 41 illustrates the development of the sink mark at the filling phase of 
the simulation, at medium mold temperature: 
 
Picture 43: Sink Mark at Medium Mold Temperature (70 °C) 
The value of the predicted sink mark at medium mold temperature is 0,0886 mm. 
6.2.2.2 Simulation 2 (Low Level – 60 °C) 
In the second simulation, the Mold temperature is set to the low value of 60 °C. It 
represents the lower recommended value that may be used in the actual injection 
molding process. The value was selected after discussion with the part manufacturer.  
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Picture 44 illustrates the development of the sink mark, at the filling phase of the 
simulation, at low mold temperature: 
 
Picture 44: Sink Mark at Low Mold Temperature (60 °C) 
The value of the sink mark at low mold temperature is 0,090311 mm. The value of the 
maximum predicted sink mark at the simulation of the actual injection molding process 
of the part was 0,0886 mm. The selection of the lower recommended value for the 
mold temperature resulted in an increase of 2% of the predicted sink mark. 
The behavior of mold temperature is expected to be similar of that of the melt 
temperature parameter. Lower mold temperatures would result in higher viscosities, 
the melt would need shorter cooling time to solidify and the resulting sink mark would 
be reduced. However, in this case, the predicted sink mark is increased by 2% 
compared to the reference simulation with the medium level of mold temperature. It 
is evident from similar works [14] [13], that the effect of mold temperature on the sink 
mark relies heavily on the geometry of the part and, depending on the occasion, it may 
be difficult to predict the behavior of the parameter unless a series of simulations is 
conducted. 
No other defects, such as short shots, developed in the simulation. 
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6.2.2.3 Simulation 3 (High Level – 80 °C) 
In the third simulation, the Mold temperature is set to the high value of 80 °C. It 
represents the higher recommended value that may be used in the actual injection 
molding process. The value was selected after discussion with the part manufacturer.  
Picture 45 illustrates the development of the sink mark, at the filling phase of the 
simulation, at high mold temperature: 
 
Picture 45: Sink Mark at High Mold Temperature (80 °C) 
The value of the sink mark at high mold temperature is 0,082146 mm. The value of the 
maximum predicted sink mark at the simulation of the actual injection molding process 
of the part was 0,0886 mm. The selection of the higher recommended value for the 
mold temperature resulted in a decrease of 7% of the predicted sink mark. 
Again, the behavior of the parameter of the Mold temperature at the higher 
temperature is unexpected. Higher mold temperatures would result in lower 
viscosities, the melt would need longer cooling time to solidify and the resulting sink 
mark would be increased. However, the sink mark is decreased and this result 
demonstrates that the effect of the mold temperature on the sink mark depends on 
the part geometry. 
As expected, no short shots developed in the simulation. Higher mold temperatures 
result in lower viscosities, which makes it easier for the melt to fill the mold cavity. 
 
59 
 
 
 
6.2.2.4 Summary of results 
Graph 2 presents the summary of results of the Mold Temperature process parameter 
simulation series: 
 
Graph 2: Summary of results for Melt Temperature parameter simulations 
From the results analysis, it is observed that the Mold temperature is a process 
parameter that affects the development of the sink mark to a level compared to that 
of the Melt temperature. This factor also needs to be considered as an important input 
to plastic product manufacturing.  
At the highest effect, the reduction of the sink mark is 7% compared to the Mold 
temperature used as reference. Higher mold temperatures would result in lower 
viscosities, the melt would need longer cooling time to solidify and the resulting sink 
mark would be increased. However, the reduction of the sink mark occurred at the 
High Mold temperature and this is an unexpected result. Also, at the Low Mold 
temperature the sink mark, instead of reducing, increased. 
Similar works [14] [13] in this field have highlighted that the effect of mold 
temperature on the sink mark relies heavily on the geometry of the part. Depending 
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on the occasion, it may be difficult to predict the behavior of the parameter unless a 
series of simulations is conducted. 
6.2.3 Pressure Holding Time effect 
Shortly before the mold is completely filled, the injection pressure is usually stepped 
down to the packing pressure, which in most cases is 40-70% lower than the injection 
pressure. During the holding pressure phase, the volume shrinkage of the cooling melt 
is compensated. Pressure holding time should therefore be set high enough in order to 
avoid sink marks. Also, too short pressure holding time may also lead to reverse flow if 
the gate does not freeze of. On the other hand, excessively high holding times should 
be avoided since they may cause residual stresses in the part.  
The Pressure holding time is a packing parameter; therefore, it is expected to affect 
the development of the sink mark at the packing stage of the process. The Pure 
Cooling time is the other packing parameter. Since it affects the final warpage the 
most and the warpage analysis is not a part of our study, we will accept the default 
calculated value from the verification analysis of the first part of our study (Picture 28). 
6.2.3.1 Simulation 1 (Medium Level – 2,77 sec) 
In the first simulation, the Pressure Holding time is set to the medium value of 2,77 
sec.  
This is the default calculated value from the verification analysis of the first part of our 
study (5.4.2). It will be used as a reference for the other two simulations, in order to 
compare the results in regards with the resulting sink mark. 
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Picture 46 illustrates the development of the sink mark at the filling phase of the 
simulation, at medium Pressure Holding time: 
 
Picture 46: Sink Mark at Medium Pressure Holding time (2,77 sec) 
The value of the predicted sink mark at medium Pressure Holding time is 0,0886 mm. 
As noted, the Pressure holding time is a packing parameter, so it is expected to affect 
the development of the sink mark at the packing stage of the process. Therefore, the 
sink mark prediction will be evaluated in conjunction with the results of Volumetric 
Shrinkage at the End of Packing. Picture 47 illustrates the Volumetric Shrinkage at the 
end of packing stage of the simulation: 
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Picture 47: Volumetric Shrinkage at Medium Pressure Holding time (2,77 sec) 
The value of the predicted Volumetric Shrinkage at medium Pressure Holding time is 
8,686%. 
6.2.3.2 Simulation 2 (Low Level – 2,27 sec) 
In the second simulation, the Pressure Holding time is set to the low value of 2,27 sec.  
The value is set 0,5 sec lower than the medium reference of the first simulation, in 
order to allow to draw safe conclusions from the results but not deviate significantly 
from the value used in the actual injection molding process. Also, too short pressure 
holding time may also lead to reverse flow if the gate does not freeze of. 
Picture 48 illustrates the development of the sink mark at the filling phase of the 
simulation, at low Pressure Holding time: 
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Picture 48: Sink Mark at Low Pressure Holding time (2,27 sec) 
The value of the predicted sink mark at low Pressure Holding time is 0,0886 mm. As 
expected, the decrease in the Pressure Holding time has not affected the sink mark in 
the filling stage of the simulation. 
 
 
 
 
 
Picture 49 illustrates the Volumetric Shrinkage at the end of packing stage of the 
simulation: 
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Picture 49: Volumetric Shrinkage at Low Pressure Holding time (2,27 sec) 
The value of the predicted Volumetric Shrinkage at low Pressure Holding time is 
8,7265%. The value of the maximum predicted Volumetric Shrinkage at the reference 
simulation with medium Pressure Holding was 8,686%. The selection of the lower 
value for the Pressure Holding time resulted in an increase 0,46% of the predicted 
Volumetric Shrinkage. 
During the packing stage, pressure is applied to the injection system as the molten 
plastic in the mold cools and shrinks. The pressure forces additional material into the 
mold to compensate for thermal shrinkage. When the Pressure Holding time 
decreases, less material is forced into the mold, so more volumetric shrinkage is 
expected to occur. Indeed, in our simulation the Volumetric Shrinkage at end of pack 
stage increased but to a degree that may not be of statistical importance. 
6.2.3.3 Simulation 3 (High Level – 3,27 sec) 
In the third simulation, the Pressure Holding time is set to the high value of 3,27 sec. 
The value is set 0,5 sec higher than the medium reference value and totally 1 sec 
higher than the low value used in the previous simulation. 
Since the size of our part is small and the recommended Pressure Holding time is 2,57 
sec, a total deviation of 1 sec from the low to the high value should be enough to draw 
safe conclusions about the effect of the Pressure Holding time factor.  Also, large 
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holding times would need larger cooling times and this leads to increased total cycle 
time which may be uneconomical for mass production. 
Picture 4Picture 50 illustrates the development of the sink mark at the filling phase of 
the simulation, at high Pressure Holding time: 
 
Picture 50: Sink Mark at High Pressure Holding time (3,27 sec) 
As expected, the increase in the Pressure Holding time has not affected the sink mark 
in the filling stage of the simulation. The value is 0,0886 mm. 
Picture 51: Volumetric Shrinkage at High Pressure Holding time (3,27 sec)Picture 51 
illustrates the Volumetric Shrinkage at the end of packing stage of the simulation: 
 
Picture 51: Volumetric Shrinkage at High Pressure Holding time (3,27 sec) 
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The value of the predicted Volumetric Shrinkage at high Pressure Holding time is 
8,6133%. The value of the maximum predicted Volumetric Shrinkage at the reference 
simulation with medium Pressure Holding was 8,686%. The selection of the higher 
value for the Pressure Holding time resulted in a decrease of 0,83% of the predicted 
Volumetric Shrinkage. 
When the Pressure Holding time increases, more material is forced into the mold, so 
less volumetric shrinkage is expected to occur. Indeed, in our simulation the 
Volumetric Shrinkage at end of pack stage decreased but again to a degree that may 
not be of statistical importance. 
6.2.3.4 Summary of results 
Graph 3 presents the summary of results of the Pressure Holding Time process 
parameter simulation series: 
 
Graph 3: Summary of results for Pressure Holding time parameter simulations 
The chart depicts the values of Volumetric Shrinkage at the end of packing stage for 
the three values of Pressure Holding time selected for the analysis. It is expressed as 
percentage of shrinkage from the initial volume of the part.  
It is observed that deviations in the Pressure Holding time influence the Volumetric 
Shrinkage at the end of packing stage and, thus, the development of sink marks. The 
8,7265 
8,686 
8,6133 
2,27 2,77 3,27
Pressure Holding Time (sec) 
Sink Mark (mm)
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differences however of the low and high values in comparison to the reference value 
are very low. 
The reduction of the Volumetric Shrinkage at the high value of Pressure Holding time is 
0,83%, compared to the reference value, and the increase at the low value of Pressure 
Holding time is 0,46%. The results are in good agreement with the expected outcome. 
That is because the holding pressure at the packing phase compensates to some 
degree for the material shrinkage of the filling phase. However, the differences are low 
and indicate that adjustments of the pressure holding time parameter, within the 
recommended limits, may not be of actual practical value for the reduction of sink 
marks. 
6.2.4 Effect of combined factors 
From the series of simulations conducted, it is evident that the parameters selected for 
analysis have an influential effect on the injection molding process and the selection of 
different values affect the resulting volumetric shrinkage and development of sink 
marks. When studied in isolation, though, the effect of these factors may be subtle on 
the final result and in some cases even statistically unimportant. Thus, the practical 
value of the results may be limited in the actual manufacturing process. 
A better approach would be to examine the effect of these factors in combination. In 
order to conduct the simulation, we pick the values of the factors with the most 
prominent effect on sink mark and volumetric shrinkage.  
The selected values of the process parameters for the combined analysis are shown in 
Table 3: 
Table 3: Process parameters values for combined analysis   
Melt Temperature Mold Temperature Pressure Holding Time 
210 °C 80 °C 3,27 sec 
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The combined examination of the selected process parameters is expected to affect 
both the development of the sink mark at the filling stage of the process and the 
volumetric shrinkage at the packing stage. 
Picture 52 illustrates the combined effect of Melt and Mold temperature adjustment 
at the development of the sink mark, at the filling phase of the simulation: 
 
Picture 52: Sink Mark development with combined Melt and Mold temperature adjustment 
The value of the resulting sink mark is 0,077247 mm. The value of the maximum 
predicted sink mark at the simulation of the actual injection molding process of the 
part was 0,0886 mm. The combination of Melt and Mold temperature adjustment 
resulted in a reduction of 14,6% of the predicted sink mark.  
It is evident that the adoption of the combined approach results in clearly maximum 
effect, in regards with the development of the sink mark at the filling stage. It is 
expected likewise, that the incorporation of the optimal Pressure Holding time will 
result in even more reduced volumetric shrinkage at the packing stage of the 
simulation. 
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Picture 53 illustrates the Volumetric Shrinkage at the end of packing stage of the 
combined simulation: 
 
Picture 53: Volumetric Shrinkage at End of Pack with combined parameter values 
The value of the predicted Volumetric Shrinkage is 7,1116%. The value of the 
maximum predicted Volumetric Shrinkage at the reference simulation with medium 
Pressure Holding was 8,686%. The combined parameters resulted in a decrease of 1,57 
% of the predicted Volumetric Shrinkage. Indeed, the reduction of the Volumetric 
shrinkage is clearly intensified with the adoption of the parameters combined, than 
with any of the parameters in isolation. 
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7 CONCLUSIONS 
Injection molding is a complex manufacturing process with possible production flaws. 
The use of software tools is a common method for determining potential defects and 
optimizing the process parameters. Hence, the value of injection molding simulations 
in industry is very important due to minimization of manufacturing costs and delays in 
production. 
In the current study, SolidWorks Plastics was used in order to examine the plastic shell 
of a 2x2 rotational cubic puzzle. A design flaw of the actual part that results in a 
distinctive sink mark was identified. The CAD model used for the mold development 
and the actual operational conditions were replicated in SolidWorks Plastics. The 
simulation analysis verified the defect of the plastic part with accuracy. The results 
highlighted the importance of simulating the process before proceeding to the mold 
development in order to minimize potential flaws in the actual molding process. 
The most influential process parameters on the development of sink marks were 
selected for further analysis, namely Melt temperature, Mold temperature and 
Pressure Holding time. A set of simulation experiments was designed in order to 
examine their effect on the development of the sink mark. Three levels of values were 
selected for each experiment: Low, Medium and High. It was concluded that proper 
selection of the process parameters values can affect the result and that the adoption 
of the parameters combined intensified the result, in comparison with the parameters 
in isolation. 
Nonetheless, even with combined process parameters, the development of the sink 
mark was modestly treated. The result highlights the importance of proper design of 
parts for injection molding. If design flaws are not identified in time through simulation 
or cannot be excluded, there is a high probability that the process will result in defects 
that may not be possible to eliminate with the optimization of the processing 
parameters.   
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